Abstract: We show one-dimensional plasmonic systems such as graphene nanoribbons can be used to engineer extremely large bandwidth, high reflectivity resonances. Further, we prove that the underlying concept relies upon the general observation of the lack of Chu-Harrington limit in one-dimensional systems.
Recently there has been interest in achieving strong reflection from atomically thin materials, with potential applications in high efficiency optical modulators [1] and for achieving large optomechanical interactions. Here, we outline the importance of designing high radiative outcoupling in the presence of loss in achieving high reflectivity and theoretically show that there is no upper bound on the radiative decay rate in a one-dimensional resonance. We then demonstrate a practical design approach towards enhancing the radiative decay by engineering the conduction current distribution in a plasmonic resonator consisting of a single-atomic-layer graphene nanoribbons.
To understand the role of a resonance in reflection and the need for a large external radiative rate, consider the exemplary geometry as shown in Fig. 1a , where a sheet of graphene nano-ribbons is suspended in air with its reflectivity spectrum shown in Fig. 1b which exhibits strong reflection. from the temporal coupled mode theory formalism, the reflection of the system has the form r(ω) = e jφ r b (ω) − γ r
where φ is a phase factor, ω 0 is the resonant frequency, r b and t b are the reflection and transmission of the direct scattering process. γ r represents the external radiative decay rate and γ i represents the internal loss rate. Thus, high reflectivity requires that the resonance be designed to operate in the over-coupled regime where γ r γ i . Therefore, to achieve high reflection it is important to enhance the radiative rate, or equivalently to reduce the quality factor associated with the radiative decay process Q r = ω 0 /(2γ r ), which depends on the period-averaged energy stored in the resonator W , as well as the period-averaged radiated power P rad as Q r = ω 0 W /P rad .
In two and three-dimensional systems, it is known that the radiative decay rate of a resonator is subject to the Chu-Harrington limit. Consider a linearly polarized dipole antenna which radiates to free space, and can be bounded by a sphere with radius r = a. Assuming that this antenna supports only the TM 01 mode, then in free space outside the bounding sphere, one of its electric field components has the form [2] :
The first term in the parentheses above corresponds to the radiative field, from which one can determine the total radiative power P rad in Eq. 2. The second and third terms correspond to the non-radiative near-field. Integrating the energy for such near-field component in the volume outside the bounding sphere, we get a lower bound on the stored energy: 3 . While the derivation here is for a dipole antenna, one can in fact show that this bound applies in general for any antenna [2] and applies for two dimensional systems [3] .
The essence of the derivation above is that in the spherical coordinate system which is appropriate for three dimensions, an outgoing wave in free space always contains near-field components. Hence there is always energy storage associated with such an outgoing wave. Such energy storage necessitates a lower bound in the radiative quality factor. On the other hand, for a one-dimensional system, an outgoing wave solution in free space has the form E x (z) ∼ e − jk|z| , which need not have any near-field component. Thus, using the same argument for the ChuHarrington limit as discussed above, one should conclude that there is no limit on the lower bound of the radiative quality factor for a one-dimensional system.
For graphene, we can engineer this behavior by taking advantage of the form of the conduction current J x (x) for the lowest order resonance, which can be approximated with the form [4] :
Because this current distribution does not change sign over the length of the ribbon, a Fourier decomposition analysis of this current shows that one can decrease Q r significantly by placing the ribbons very close together. We verify this by computing the radiative quality factor Q r of the resonance for different gap sizes, which is plotted in Fig. 1c as the blue line. This agrees quite well with the Q r determined from RCWA and coupled mode theory (shown in blue in Fig. 1c) . Thus, we have indeed shown that very low radiative quality factor, down to the single digits, i.e. a very high radiative rate, is achievable in this structure as the gap size reduces. The structure with a gap size of 0.050 µm has a peak reflectivity of 90.5% as shown in Fig. 1b , which demonstrates that high reflectivity can be achieved in the graphene nanoribbon array which is atomically thin. Before concluding, we briefly discuss the factors that control the internal loss rate γ i . Unlike the external radiative decay rate γ r , which is strongly structure dependent, the internal loss rate γ i is only weakly dependent on the structural geometry, and is mostly controlled by material parameters such as the chemical potential µ and the scattering time τ. These parameters are related to the carrier concentration and the mobility, both of which are more accessible experimentally [5] . In Fig. 2 , we show the dependency of the peak reflectivity on carrier concentrations and mobility, for the structure shown in Fig. 1b . To achieve high reflectivity generally requires high carrier concentration and high mobility. The choice of the parameters for the spectrum shown in Fig. 1b , as indicated by a cyan dot in Fig. 2 , reflects this requirement, as well as the trade-off between optimizing mobility versus increasing carrier concentration.
In conclusion, we have shown that a periodic array of graphene nanoribbon can be designed to achieve high reflectivity. The underlying concept relies upon the general observation of the lack of Chu-Harrington limit in one-dimensional systems, and the unique current distribution in graphene nanoribbons.
